The Glauber theory is extended to the inelastic Coulomb scattering, such as the Coulomb excitation in ionized atomic system~. The evaluation is made for excitation cross sections of hydrogen-like ions by electron impact.
The Glauber approximation applied to atomic scattering had a remarkable success, as in nuclear scattering, not only in elastic and inelastic (excitation) processes 1 l but also in a break-up (ionization) process of the hydrogen atom 2 l even in an intermediate energy region. Furthermore by recalling that this approximation yields an exact result within a constant phase factor for the potential scattering in the Coulomb field, 8 l it is interesting from the viewpoint of considering validity and applicability of the approximation to extend this theory to the inelastic Coulomb scattering or the Coulomb excitation of the composite charged system.
An available method to deal with such a process is the Born approximation modified to take account of the Coulomb field. 4 l On the other hand, the close coupling method is more promising in principle at low energies, but the number of states included in this type of calculation is restricted in practice, so that the justification for this trun.cation is not always verified. 5 l The recent values calculated by a distorted-wave polarized-orbital (DWPO) approximation 6 l are not in good agreement with those of the latest measuremenel except for a certain energy region.
Such being the case, we attempt to extend the Glauber theory for describing the Coulomb excitation in atomic systems and to examine the validity of this approximation in the intermediate energy region. For this purpose our attention is paid to one of the most fundamental three body problem, which is excitation of hydrogen-like ions by electron impact. This kind of scattering problem between charged particles is particularly important for studying elementary processes in plasmas.
The Glauber amplitude is formulated for the Coulomb excitation of the charged system m § 2, and the procedure of typical calculations for th~ 1s-2s and 1s-2p excitations is given ·in § 3. In the last section we discuss the numerical results and the propriety of this approximation in comparison with the recent experimental results as well as those obtained by other methods. § 2. The Glauber amplitude for inelastic Coulomb scattering
We consider the inelastic scattering of a charged particle, such as an electron, from a charged composite target, such as a hydrogen-like positive ion with nuclear charge Z. Atomic units will be used throughout this paper. In this Coulomb scattering the target undergoes a transition from an initial state i of the wave function U;. to a final state f of the wave function u 1 • Furthermore the incident particle with momentum k;. impart11 a momentum q to the target.
If r denotes the position vector of the target electron, the scattering amplitude in the Glauber approximation takes, as is well known, the following form: is defined by
where r' and z' are the position vector nent along the polar axis, respectively.
The result is, by putting 1/ k;. = 7J, of the incident electron and its campoThis integration is readily performed.
lb-sl
where s is the projection of r onto the plane perpendicular to the polar axis and Z' = Z -I. The :first term of the right-hand side in Eq. (2 · 3) is nothing but the phase function of the scattering with the hydrogen atom. The divergent constant term Xo comes from the tail of the long-range Coulomb interaction.
When the integrations in Eq. (2 ·1) are performed, the total cross section is given in terms of the Glauber amplitude.
Then it is noted that the cross section does not depend on the constant term Xo in the phase-shift function. § 3. The procedure of calculation for the Coulomb excitation
The Glauber amplitude of the Coulomb excitation in the hydrogen-like ion by electron impact can-be obtained from Eqs. (2 ·1) and (2 · 2) by the use of appropriate initial and final wave functions. For the 1s-2s excitation we have
where the evaluation is made at a=3Z/2, and the generating function is given
In special case of the neutral atom After the integration this is reduced to the following form:
The Gaussian series of the hypergeometric function in (3 · 5) does not converge at th~ value of /1= n/4. It can be shown, however, by a linear transformation of the hypergeometric function that the integral in Eq. (3 · 3) has a definite value. The calculation of the scattering amplitude given by Eqs. (3 ·1), (3 · 3) and (3. 5), in which a one-dimensional integral is included, is performed by a numerical method. By a similar procedure we can obtain the 1s-2p excitation cross section which is given by the sum of each cross section for th'e 2p magnetic substates. It is, however, reduced by the selection rule to the calculation for substates m = ± 1. The Glauber amplitude for the substate m = 1 becomes as follows: near the threshold. On the contrary the close-coupling ·approximation, where the 1s, 2s and 2p states of the helic urn ion are taken into account, gives much larger values than the experimental ones. 5 > · On the other hand the result obtained by the DWPO approximation, as is seen in Fig. 1 , seems to give fairly good agreement at low energies.6> Nevertheless it should be noted that the experimental values are corrected by the use of the Born approximation for the cascades from higher levels. Consequently, at low energies, where the Born approximation is not
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By the use of this relation, we can obtain a finite value for the reduced cross secfion Z 4 0'. In Fig. 3 our result is compared with that obtained by the CoulombBorn (CBII) approximation which is modified to ensure the unitarity of the scattering matrix. It is pointed out that the CBII approximation becomes identical The values of the ls~2p total excitation .cross section for the helium ion are shown in Fig. 4 . One can see that the curve of the CBII approaches continuously to our result with increase of the incident energy. In conclusion it is emphasized that the Glauber theory can be extended in principle for describing the Coulomb scattering of any charged particle with arbitrary charged composite system (including nuclear scattering). Moreover one can evaluate any inelastic Coulomb scattering cross section by a consistent method with simpler calculation than that in the Coulomb-Bor n approximatio n.
